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A B S T R A C T

Modern railway tracks for high-speed traffic are often built based on a slab track design. A major disadvantage
of slab track compared to conventional ballasted track is that the environmental impact of the construction
is higher due to the significant amount of concrete required. In this paper, the dimensions of the rectangular
cross-sections and the types of concrete used in slab tracks are optimised with the objective to minimise
greenhouse gas emissions, while considering the constraint that the design must pass the static dimensioning
analysis described in the European standard 16432-2. The optimised track design is also analysed using a
three-dimensional (3D) model of vertical dynamic vehicle–track interaction, where the rails are modelled as
Rayleigh–Timoshenko beams and the concrete parts are represented by quadratic shell elements. Wheel–rail
contact forces and the time-variant stress field of the concrete parts are calculated using a complex-valued
modal superposition for the finite element model of the track. For the studied traffic scenario, it is concluded
that the thickness of the panel can be reduced compared to the optimised design from the standard without the
risk of crack initiation due to the dynamic vehicle load. In parallel, a model of reinforced concrete is developed
to predict crack widths, the bending stiffness of a cracked panel section and to assess in which situations the
amount of steel reinforcement can be reduced. To reduce the environmental impact even further, there is
potential for an extended geometry optimisation by excluding much of the concrete between the rails.
. Introduction

Railway transportation is one of the most environmentally friendly
ransport modes. However, a remaining environmental issue is the
ignificant amount of greenhouse gas emissions generated by the con-
truction of a railway track. This is especially the case for slab track
here large amounts of concrete are required. If the dimensions of

he slab track cross-sections and the amount of cement used could be
educed, there is a potential to reduce the environmental footprint from
lab tracks significantly [1].

Today, guidelines for slab track design are given in the European
tandard 16432-2 [2]. For a given design, a static calculation procedure
s applied to determine if the design will pass or not. In the standard, a
constant) dynamic amplification factor is used independently of train
peed on the railway line. The magnitude of the dynamic effects will,
owever, vary depending on what track response is analysed and the
uality of the track. This is not considered in the standard. Thus, to
mprove the guidelines for slab track design, detailed knowledge of the
ynamic vehicle–track interaction is essential.
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amyab.zandi@chalmers.se (K. Zandi), anders.ekberg@chalmers.se (A. Ekberg).

Depending on the application, a wide range of different models for
vertical dynamic vehicle–track interaction has been developed [3,4].
For ballasted track, work on modelling the dynamics of track and
vehicle as one coupled system started in the 1990s [5–7]. These early
two-dimensional (2D) models assumed symmetry in track properties
and vertical track irregularity profile with respect to the track centre
line and included only one rail to save computational cost. Recently,
more advanced three-dimensional (3D) slab track models have been
developed. One of the first 3D models was developed by Zhai et al. [8].
In their work, where the concrete panels were modelled as elastic
rectangular plates, non-symmetric dynamic excitation was considered.
In several studies, cf. [8–14], 3D slab track models have been vali-
dated against measurements. The main drawback of using a 3D model
is that the computational cost is increased, and it can therefore be
beneficial to use a 2D model in situations where several simulations
need to be performed, e.g. when simulating long-term differential track
settlement [15] or optimising the track design [16]. In several papers,
comparisons between 2D and 3D models have been performed to
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investigate in which situations a 2D model is sufficient and in which
conditions a 3D model is required [9,17].

The number of reported strength analyses of concrete structures
related to railway research is relatively limited. In a paper by Poveda
et al. [18], fatigue due to compressive loads on the concrete panel
was considered. The magnitude of stress intensity factors when con-
sidering a through-transverse crack in the roadbed was studied by Zhu
et al. [19]. In their analysis, a simplified 3D model consisting of beam
and plate elements was used to calculate the wheel–rail contact forces.
The calculated forces were then applied as input to a more detailed fi-
nite element model of the track, where the panel, CA (concrete-asphalt)
mortar, roadbed and subgrade were all modelled by solid elements.
By using the extended finite element method (XFEM), stress intensity
factors at the crack tip in the concrete roadbed could be determined.
Milford and Allwood [20] studied the environmental impact from
different types of tracks including emissions from materials, processes
and transport associated with construction, maintenance and end-of-life
activities. From their study, it was concluded that the environmental
impact could be reduced significantly by using an embedded rail design
over a ballasted track design. Hahrs et al. [21] used theory based on
the European standard 16432-2 [2] and Eurocode 2 [22] and conducted
parametric studies to investigate the impact of the soil stiffness on dif-
ferent track responses. By including stochastic variables in a ballasted
track model, Rahrovani [23] studied how statistical methods can be
used to calculate the probability of failure (PF) of a concrete monobloc
sleeper. Based on multiple simulations of vehicle–track dynamics, the
PF was determined using either Markov chain or Monte Carlo simu-
lations. By using the Nelder–Mead method, the parameter values for
the stochastic variables that resulted in a predefined PF-value could
be determined. The PF was also studied by Tarifa et al. [24]. From
compressive fatigue tests on cubic specimens, the parameters used to
calculate the PF were calibrated. Furthermore, three-point bending tests
on full-scale concrete slabs were conducted and a novel approach to de-
tect critical damage of the slabs was developed. Rezaie et al. [25] used
both numerical and experimental analyses to investigate longitudinal
cracks in pre-stressed concrete sleepers. In their model, the concrete
was represented by solid elements while the steel bars were described
by truss elements. Zi et al. [26] developed a non-linear finite element
model to study conical crack formations in concrete sleepers in a slab
track system. In compression, the concrete was modelled as a linear
elastic material, while a softening plasticity model including a cohesive
crack model was used in tension. You et al. [27] presented a review
of fatigue life assessment methods for prestressed concrete sleepers. In
their paper, it was concluded that the fatigue life of sleepers is typically
assessed by estimating the dynamic loads and support conditions for the
sleeper and calculating the bending moment at critical sections.

In this paper, a slab track design that minimises the greenhouse
gas emissions is derived while considering the constraint that the
design must pass the European standard 16432-2 [2]. Based on the
optimised design, simulations of vertical dynamic vehicle–track inter-
action are then performed, and it is shown that the design can be
trimmed even further. By taking the dynamics of the track into account,
novel recommendations for next-generation slab track structures are
presented. In these simulations, both cracked and uncracked sections
of the concrete panel are considered, and the influence of cracks in the
concrete panel on track responses at several operational scenarios is
determined. The characteristics of a cracked section, which is used as
input to the dynamic model, is determined using a model of reinforced
concrete. By using the maximum bending moment calculated with the
linear dynamic model as input to the non-linear model of reinforced
concrete, crack widths are calculated which are compared with criteria
in the existing standard, see Ref. [28]. Finally, the model of reinforced
concrete is also used to assess if the amount of steel reinforcement in
the slab track design can be reduced, which may lead to additional
2

carbon dioxide (CO2) savings.
2. European standard for slab track design — Static analysis

The criteria for slab track design are given in the European standard
16432-2 [2]. In particular, a static calculation method is presented
for the design of different types of slab tracks. The considered designs
include both single and multiple layers of concrete. In this paper, the
focus is on two-layered concrete structures since this seems to be the
most commonly used design. The upper concrete layer is assumed
to be a prefabricated slab, referred to as the panel, while the lower
layer is taken as a Hydraulically Bound Layer (HBL), referred to as the
roadbed. For two-layered concrete structures, two calculation methods
are presented, either with no or full bond between the panel and
roadbed. In this paper, the calculation method which assumes full bond
is used, see Section 2.1, since the optimal solution assuming no bond
converged to a single-layer structure which is not the focus of this
paper.

2.1. General description of the calculation method

The basis of the analytical design calculation method is to compare
calculated stresses with strength limits. The analytical calculations can
be divided into three parts representing the design criteria for the rail,
the concrete parts and the substructure, respectively. In this paper,
which focuses on the environmental impact of building slab track, the
design criteria for the concrete parts are studied in detail.

The calculation method for the slab design is summarised in Fig. 1.
In the initial step, data settings for vehicle load, concrete parts and
temperature load have to be defined. The vehicle load times a dynamic
amplification factor of 1.5 (independently of design train speed) is
then used in a beam model of the rail to calculate the rail seat loads.
The obtained rail seat loads are then applied to both a beam and a
slab model of the concrete parts. From these models, flexural stresses
are calculated (in the longitudinal direction for the beam model and
both the lateral and longitudinal directions for the slab model). In the
longitudinal direction, a conservative approach is used by selecting the
maximum calculated flexural stress from the beam and slab models. The
calculated flexural stresses are then compared with the corresponding
flexural strength limits from a fatigue model. In this paper, the values
for the temperature loads used in the fatigue model are taken from
the standard [2]. By taking the ratios of the flexural strength limits
and the corresponding flexural stresses, different safety factors (SFs)
are determined. If all of the calculated safety factors are larger than or
equal to one, the design is approved.

2.2. Optimisation of track based on the standard

For the optimised slab track design, there is a trade-off between
cost and performance. In this paper, the track is optimised to minimise
the amount of emitted CO2 while fulfilling the requirements in the
European standard 16432-2 [2]. When concrete is manufactured, the
cement stands for roughly 85% of the CO2 emissions. The remaining
15% is neglected in the present optimisation.

The amount (kilogrammes) of cement in the slab track structure
is determined by multiplying the volume of concrete by the amount
of cement per cubic metre. In this paper, three different concrete
classes are considered: a low-quality concrete (C25/30), a concrete type
that is commonly used in monobloc sleepers (C40/50), and a high-
performance concrete (C50/60). The amount of cement per cubic metre
for these three concrete types are 𝑐l = 290 kg/m3, 𝑐m = 390 kg/m3

and 𝑐h = 430 kg/m3, where subscripts l, m and h stand for low,
medium and high-quality concrete. For the roadbed, it is stated in the
European standard 16432-2 [2] that this layer should have at least 3%
cement. Thus, assuming that the roadbed has a density of 2400 kg/m3,
the amount of cement per cubic metre in the roadbed is set to 𝑐r =
2 kg/m3. Finally, an environmentally optimised type of cement is
onsidered, which emits 𝛼 = 0.678 kg CO per kg cement [29].
c 2
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Fig. 1. Steps in the analytical calculation model for the concrete parts presented in the European standard 16432-2 [2].
For each type of concrete, the minimisation of CO2 emissions per
etre slab track can be written as

𝑓𝑖 = min 𝛼c(𝑐𝑖𝑤1𝑡1 + 𝑐r𝑤2𝑡2), 𝑖 = {l,m,h},
ubject to 𝒘 ∈ 𝑆w, 𝒕 ∈ 𝑆t, 𝑆𝐹𝑗 ≥ 1,∀𝑗 = 1, 2,… , 𝑛SF,

(1)

here 𝒘 and 𝒕 are vectors containing the widths and thicknesses of the
ectangular panel and roadbed, see Fig. 2, 𝑆w ⊂ R2 and 𝑆t ⊂ R2, while
𝐹𝑗 are the values of each safety factor used in the standard and 𝑛SF is

he number of safety factors. The sets 𝑆w and 𝑆t are defined as
w = {𝒘 ∈ R2 ∶ 𝑤𝑖 ≥ 𝑤L,𝑖 ∀ 𝑖 = 1, 2},

𝑆t = {𝒕 ∈ R2 ∶ 𝑡𝑖 ≥ 0 ∀ 𝑖 = 1, 2},
(2)

here 𝑤L,𝑖 = [𝑤L,1, 𝑤L,2] is the lower limit of the widths of the panel
nd roadbed. In this paper, the widths 𝑤L,1 = 2.6 m and 𝑤L,2 = 3.2 m
re used based on the recommendations given in Appendix C in the
uropean standard 16432-2 [2].

The optimal design can be obtained by simply taking the minimum
mount of CO2 emissions for all compared concrete types as

opt = min
𝑖={l,m,h}

𝑓𝑖. (3)

ote that the cost function described in Eq. (1) assumes that there are
wo layers of bound materials. The corresponding objective function for
single-layered design can be obtained by simply omitting the second

erm in the objective function. The optimised design is presented and
iscussed in Section 5.

. Model of dynamic vehicle–track interaction

The performance of the optimised slab track design is further anal-
sed using a linear 3D model of vertical dynamic vehicle–track inter-
ction. The 3D track model has been calibrated and validated against
easurements in a full-scale test rig [10]. In Fig. 2, a schematic cross-

ection of the 3D track model is shown. The rails are modelled using
ayleigh–Timoshenko beams with bending stiffness 𝐸𝐼r = 6.4 MNm2,
hear stiffness 𝑘𝐺𝐴r = 250 MN, mass 𝑚r = 60 kg/m per unit beam
ength and rotatory inertia 𝑚r𝑟2r = 0.24 kgm per unit beam length. The
ail seat distance is 𝑙 = 0.65 m and the concrete parts are described
sing shell elements with density 𝜌s = 2400 kg/m3 and Poisson’s ratio
s = 0.15. The modulus of elasticity and the tensile and compressive
trengths will vary depending on what type of concrete is used, see
ection 4.2. In this study, shell elements are chosen over solid elements
ince they are computationally faster to use and from the shell ele-
ents, it is straightforward to determine the bending moment which

s needed in the post-processing calculation of the steel stresses. Since
lso stresses in the concrete will be calculated, a quadratic element
s preferred, cf. [17], and thus the quadratic element denoted S8R in
baqus [30] is used.

The roadbed is modelled as a continuous hydraulically bound layer,
3

hile each concrete panel is modelled as a discrete concrete slab with
Table 1
Stiffness and viscous damping of resilient layers in the track model.

Stiffness 𝑘f = 100 MN/m3 𝑘s1∕s2 = 1.0 GN/m3 𝑘r∕s1 = 34 kN/mm
Damping 𝑐f = 82 kNs/m3 𝑐s1∕s2 = 250 kNs/m3 𝑐r∕s1 = 5.8 kNs/m

a length corresponding to eight rail seat distances. The influence of
the extra amount of concrete used at each rail seat is neglected. From
dynamic simulations, it was verified that including this extra concrete
at each rail seat, similar as in Ref. [17], would not affect the considered
track responses significantly.

The rail pads, soil, and layer between the concrete parts are mod-
elled as non-interacting springs and viscous dampers. To reduce spuri-
ous stress concentrations in the panel, each rail pad is modelled as a
set of springs and viscous dampers acting in parallel that distributes the
load from the rail over an area corresponding to the area of the rail pad,
see Fig. 3. The parameter values for each layer are shown in Table 1.
The stiffness and viscous damping per unit area of the foundation are
denoted 𝑘f and 𝑐f, the stiffness and viscous damping of each rail pad are
denoted 𝑘r∕s1 and 𝑐r∕s1 , whereas the stiffness and viscous damping per
unit area of the layer between the panel and roadbed are denoted 𝑘s1∕s2
and 𝑐s1∕s2 . The parameter values of 𝑘s1∕s2 and 𝑐s1∕s2 were obtained based
on a commercially used slab track design, which uses a thin rubber
mat of thickness 3 mm between the concrete parts. The stiffness of this
slab mat is around 1.0 GN/m3. The damping per unit area of 𝑐s1∕s2 was
determined by assuming a similar k/c-ratio as for the rail pad. In order
to avoid rigid body motions (RBMs) of the panels and to include the
shear effect of the bond between panel and roadbed, the springs that
connect the panels to the roadbed act in all three spatial dimensions.
In Ref. [17], it was concluded that the springs in the lateral and
longitudinal directions have a negligible effect on the vertical dynamics
of the track. It has been verified that the employed soil stiffness yields
similar values of the modulus of deformation, 𝐸v2, as presented in the
European standard 16432-2 [2]. The soil damping, 𝑐f, was selected by
assuming a similar ratio between stiffness and viscous damping as for
the corresponding values specified by Nielsen [31]. Finally, the rail
pad stiffness 𝑘r∕s1 and viscous damping 𝑐r∕s1 were obtained from the
calibration of the track model against hammer impact measurements
in a test rig [10].

The computational demands when using a 3D dynamic model may
be significant. From the convergence analyses reported in Ref. [17],
it was found that the influences of boundary effects and transients
induced by the start of the simulation on the calculated responses at
the centre of the track model were negligible if the length of the track
model was at least 120 rail seat distances. Furthermore, to reduce the
computational cost, it was concluded that the first and final third of the
concrete parts in the track model could be modelled by beam elements
instead of shell/solid elements without affecting the track responses
at the centre of the track model. Therefore, a track model with a
total length of 78 m is used, corresponding to 120 rail seat distances,
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Fig. 2. Schematic cross-section of the 3D track model.
Fig. 3. Sketch of the rail pad model. Each line connecting the rail and the panel includes a spring and a viscous damper acting in the vertical direction. The shaded area
corresponds to the area of the rail pad that is in contact with the bottom area of the rail.
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where the concrete parts are described by shell elements only in the
middle third of the track model. The connection between the beam and
shell elements of the concrete parts are modelled using a multipoint
constraint (MPC) and is described in detail in Ref. [17]. Regarding mesh
discretisation, an average element length of 11 cm is used, which is fine
enough according to the convergence study presented in Ref. [17].

The vehicle is modelled as a multibody system and is illustrated in
Fig. 4. The 3D vehicle model is representing a bogie containing two
wheelsets, primary suspensions and a bogie frame. The influence of the
car body is accounted for by a constant vertical point load acting at the
centroid of the bogie. For the track responses considered in this paper,
a more advanced vehicle model is not required since the secondary
suspension acts as a dynamic filter in the frequency range where the
track dynamics is significant [3]. A comparison of different vehicle
models in terms of track responses which are of interest in this paper
was presented in Ref. [16].

The 3D vehicle model has eleven degrees of freedom (DOFs). Seven
of the DOFs, denoted 𝒙v

b, are used to model the vertical and roll motions
f each wheelset and the vertical, roll and pitch motions of the bogie
rame. The remaining four DOFs, denoted 𝒙v

a, have no mass and are
sed in the constraint equation to couple the vehicle and track models.
he equations of motion for the vehicle model can be written as
4

d

[

𝟎 𝟎
𝟎 𝑴v

bb

]

{

�̈�v
a(𝑡)

�̈�v
b(𝑡)

}

+
[

𝟎 𝟎
𝟎 𝑪v

bb

]

{

�̇�v
a(𝑡)

�̇�v
b(𝑡)

}

+
[

𝑲v
aa 𝑲v

ab
𝑲v

ba 𝑲v
bb

]

{

𝒙v
a(𝑡)

𝒙v
b(𝑡)

}

+
{

𝑭 a(𝑡)
𝟎

}

=
{

𝟎
𝑭 ext

b

}

, (4)

here 𝑭 a(𝑡) contains the wheel–rail contact forces and 𝑭 ext
b contains

ll external loads (in this study only gravity loads). The expression of
ach matrix in Eq. (4) can be found in Appendix A in Ref. [17]. The
heel–rail contact is modelled as Hertzian, where the contact stiffness
etween each wheel and rail is given by

H𝑖 = 𝐶H⟨𝑥b𝑖 − 𝑥a𝑖⟩
1∕2, 𝑖 = 1, 2, 3, 4. (5)

ere, 𝐶H is the Hertzian constant and the Macaulay brackets are
efined as ⟨∙⟩ = 1

2 (∙ + | ∙ |). In this paper, a vehicle speed of 250 km/h
s considered (except in Fig. 8 where the effect of increasing speed is
nvestigated).

The input data for the vehicle model, presented in Table 2, was
ollected from Ref. [32]. The mass of the car body has, however, been
odified such that an axle load of 17 tonnes is achieved (except in

igs. 6(b) and 7 where the effect of varying the axle load is investi-
ated). In Table 2, the masses 𝑀b, 𝑀w and 𝑀0 denote the masses of
he bogie, wheelset and half of the car body, respectively, 𝐽br and 𝐽bp
enote the roll and pitch inertias of the bogie, while 𝐽 denotes the roll
wr
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able 2
arameter values used in the vehicle model collected from Ref. [32] (except 𝑀0).
𝑀b = 2.6 tonnes 𝑀w = 1.8 tonnes 𝑀0 = 28 tonnes
𝐽br = 1700 kgm2 𝐽bp = 1500 kgm2 𝐽wr = 1100 kgm2

𝐿 = 0.75 m 𝑑 = 1.28 m 𝛥 = 1.00 m
𝑘 = 1200 kN/m 𝑐 = 4 kNs/m

inertia of the wheelset. The length 𝐿 denotes the lateral distance from
he centre of the track to the running circle of the wheel tread, whereas

and 𝛥 denote the distances from the bogie centre to the primary
uspension in the longitudinal and lateral directions. Finally, 𝑘 and 𝑐

denote the stiffness and viscous damping of the primary suspension.
The track model is developed in Abaqus using Python scripts, which

facilitates parametric studies considering different track models with
varying mesh densities, dimensions and material properties. By running
the Python scripts in Abaqus, the stiffness, damping and mass matrices
of the track, 𝑲 t, 𝑪 t and 𝑴 t, are generated. These matrices are exported
to Matlab where the dynamic vehicle–track interaction is simulated
using an in-house software.

The computational cost of the dynamic simulation is reduced by
introducing the corresponding complex-valued modal solution of the
equations of motion for the linear track model as
[

𝑲 t−1𝑪 t 𝑲 t−1𝑴 t

−𝐈 𝟎

]{

𝝆(𝑛)

i𝜔𝑛𝝆
(𝑛)

}

= − 1
i𝜔𝑛

{

𝝆(𝑛)

i𝜔𝑛𝝆
(𝑛)

}

, (6)

where 𝜔𝑛 are the angular eigenfrequencies, 𝝆(𝑛) the eigenvectors, 𝐈
denotes the unit matrix and underline indicates a complex-valued
quantity. The computational cost is reduced by only including modes
in the dynamic solution which has a corresponding eigenfrequency
below a predefined threshold value (in this study 1000 Hz). It has been
verified that the influence of the truncated modes on the considered
track responses is negligible [17].

The modal representation of the track model is coupled with the
equations of motion of the vehicle model by using the constraint that
the DOFs in 𝒙v

a are interfacing with the track [5,33]. A mixed extended
state-space vector 𝒛 is defined as

𝒛 = {𝒒tT 𝒙vT
a 𝒙vT

b �̇�vT
a �̇�vT

b �̂� T
a}

T, (7)

where the complex-valued modal displacements of the track model are
denoted 𝒒t, while �̂� a = ∫ 𝑭 a(𝑡)d𝑡. This state-space vector is used to
derive a coupled, time-variant system which is given by

𝑨(𝒛, 𝑡)�̇� + 𝑩(𝒛, 𝑡)𝒛 = 𝑭 (𝒛, 𝑡), (8)

here the vector 𝑭 and the matrices 𝑨 and 𝑩 are defined in Eq. (15)
in Ref. [33]. From Eq. (8), a generic initial value problem is derived,
5

where 𝒛(𝑡) can be solved (numerically) in the time domain. This simu-
ation methodology, which is used to calculate the wheel–rail contact
orces, has previously been validated for ballasted track [31]. For more
nformation about the track model and the simulation methodology,
ee Refs. [5,17,31,33].

By differentiating the calculated state-space vector, the time history
f the wheel–rail contact force at each wheel can be determined.
hese wheel–rail contact forces are used as input to a post-processing
imulation in Abaqus to determine the time-varying stress field in the
oncrete parts. By combining the time history of the wheel–rail contact
orces and the shape functions derived from Rayleigh–Timoshenko
eam theory, the forces and moments that shall be applied to each rail
OF in each time step are calculated. The post-processing simulation

n Abaqus is performed using the so-called modal dynamic approach,
hich is a valid and applicable option since the track model is taken as

inear. Results from simulations with the dynamic model are presented
n Section 5.

. Model of reinforced concrete

Cracks forming in the concrete parts of a slab track can weaken the
tructural integrity and introduce a risk for reinforcement corrosion.
n this paper, a model of the concrete panel has been developed. The
anel is assumed to be a prefabricated double-reinforced slab without
ny embedded sleepers. Note that there is no need to develop a similar
odel for the roadbed since it is a hydraulically bound layer without

ny reinforcement.
Depending on the application and which concrete response needs

o be captured, different modelling strategies can be used spanning
rom simple hand calculation models to advanced 3D non-linear FE-
odels [34]. In this paper, the purpose of the reinforced concrete model

s to calculate the bending stiffness of a cracked panel section, the
tress in the steel reinforcement and the crack widths. These responses
re estimated from a beam model, where uniaxial stress-state and full
nteraction between concrete and steel are assumed. Since full bond
s assumed, the reinforcement bars can, in the simulation model, be
eplaced with concrete with a transformed cross-section. Linear elastic
odels are assumed for the concrete in compression and for the steel

n both compression and tension. Finally, note that if other responses,
.g. the crack pattern, should be analysed, more advanced models are
eeded where the bond–slip between steel and concrete is taken into
ccount.
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Fig. 5. Sketch of the cross-section of the panel used in the model of reinforced concrete. The shaded area indicates concrete in compression.
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4.1. Bending stiffness of a cracked section

The location of the neutral axis is established by neglecting the
influence of the concrete in tension and by assuming full bond between
concrete and reinforcement for the cracked section. For calculations
where long-term effects are taken into account, the so-called effec-
tive modulus of elasticity, 𝐸c,eff, and the effective modular ratio, 𝛽,
are required. In this paper, these properties are calculated following
Eurocode 2 [22] as

𝐸c,eff =

{

𝐸c short term,
𝐸c

1+𝜑(∞,𝑡0)
long term,

(9)

𝛽 =
𝐸s

𝐸c,eff
, (10)

here 𝜑(∞, 𝑡0) is the final creep value and 𝐸s and 𝐸c are the elastic
oduli of the steel and concrete, respectively. In addition, the same

ross-sectional area, 𝐴s, of both the upper and lower reinforcement bars
s used, and the same distance, 𝑠, is assumed between the reinforcement
ars in the lateral and longitudinal directions.

In Fig. 5, the cross-section of the panel is shown. When considering
cracked double-reinforced section and assuming that the neutral axis

oincides with the centre of gravity, the distance, 𝑥, from the top of the
anel to the neutral axis can be found by solving, [35],
[𝑥2

2
+

(𝛽 − 1)𝐴s(𝑥 − 𝑑1)
𝑠

−
𝛽𝐴s(𝑑2 − 𝑥)

𝑠

]

= 0, (11)

here 𝑤 is the width of the slab and 𝑑1 and 𝑑2 are the distances
from the top of the panel to the upper and lower reinforcements. The
effective area, 𝐴eff, and the effective moment of inertia, 𝐼eff, of the
concrete and steel when the steel cross-section has been transformed
are then obtained as

𝐴eff = 𝑤[𝑥 + (𝛽 − 1)𝐴s∕𝑠 + 𝛽𝐴s∕𝑠], (12a)

𝐼eff = 𝑤[𝑥3∕3 + (𝛽 − 1)𝐴s(𝑥 − 𝑑1)2∕𝑠 + 𝛽𝐴s(𝑑2 − 𝑥)2∕𝑠]. (12b)

4.2. Crack widths

To estimate crack widths, the steel stresses need to be estimated. To
this end, the shrinkage load, 𝐹cs, is calculated as, [35],

𝐹cs = 𝐸s𝜖cs,∞𝐴s𝑤∕𝑠, (13)

where 𝜖cs,∞ is the total final shrinkage strain, which in this paper is
calculated following Eurocode 2 [22]. Note that this shrinkage load acts
both at the upper and lower reinforcements.

From the applied bending moment, 𝑀 , and the shrinkage load, the
concrete stress at location 𝑧 measured from the neutral axis can be
determined by Navier’s formula as

𝜎c,∞(𝑧) =
2𝐹cs +

𝐹cs(𝑒s1,eff + 𝑒s2,eff) +𝑀
𝑧, (14)
6

𝐴eff 𝐼eff
able 3
oncrete input data for the reinforced concrete model.

𝑓cm [MPa] 𝑓ck [MPa] 𝑓ctm [MPa] 𝐸c [GPa] 𝜖cd,0 [–]

C25/30 33 25 2.6 31 2.9 ⋅ 10−4

C40/50 48 40 3.5 35 2.4 ⋅ 10−4

C50/60 58 50 4.1 37 2.1 ⋅ 10−4

where 𝑒s1,eff = 𝑑1 − 𝑥 and 𝑒s2,eff = 𝑑2 − 𝑥. The steel stress in the tensile
reinforcement assuming a cracked section is then calculated as

𝜎s = −
𝐹cs𝑠
𝐴s𝑤

+ 𝛽𝜎c,∞(𝑒s2,eff), (15)

According to Eurocode 2 [22], the difference between the mean
train in the reinforcement and the mean strain of the concrete between
he cracks can be written as

𝜖m = max
(

𝜎s − 𝑘t
𝑓ctm
𝜌p,eff

(1 + 𝛽𝜌p,eff)

𝐸s
, 0.6

𝜎s
𝐸s

)

, (16)

where 𝑘t is a factor depending on whether the loading is short-term
or long-term, 𝑓ctm is the mean axial tensile strength of the concrete,
𝜌p,eff = 𝐴s∕(𝑠𝐴t) and 𝐴t is the effective area of the concrete in tension
urrounding the reinforcement at depth

1,eff = min
[

2.5(𝑡1 − 𝑑2), (𝑡1 − 𝑥)∕3, 𝑡1∕2
]

. (17)

inally, the crack width, 𝑤k, can be calculated as

k = 𝑠r,max𝛥𝜖m, (18)

here 𝑠r,max is the characteristic crack spacing given as

r,max = 𝑘3𝑐 + 𝑘1𝑘2𝑘4
𝜙

𝜌p,eff
. (19)

Here, 𝜙 is the diameter of the reinforcement bar, 𝑐 is the thickness of
the concrete cover and 𝑘1, 𝑘2, 𝑘3 and 𝑘4 are parameter values which
vary with the reinforcement surface and type of loading. Input data for
the concrete and steel is presented in Tables 3 and 4.

It should be noted that the magnitudes of the steel stresses and
crack widths are independent of the width of the section since the
shrinkage load, effective area and moment of inertia are all varying
linearly with the width of the section. The applied bending moment,
which is calculated from the dynamic model presented in Section 3,
expresses the bending moment calculated per metre. In order to be
consistent, the width in the reinforced concrete model is therefore set
to one metre, and all responses are calculated per metre width.

4.3. Influence of external restraint forces

The calculations above neglect the influence of external restraint
forces. For the concrete panel in a slab track, it is difficult to determine
the external restraint degree, which may vary between different de-
signs. The approach taken here is to repeat the calculations with either
no external restraint or full external restraint to obtain the bounds.
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Table 4
Steel input data for the reinforced concrete model.
𝐸s = 210 GPa 𝑓ys = 500 MPa 𝑓u = 540 MPa 𝜌s = 7800 kg/m3 𝜙 = 20 mm 𝑠 = 140 mm
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Table 5
Results from the optimisation problem based on the European standard 16432-2 [2]
when using an axle load of 17 tonnes.

CO2 [kg/m] 𝑡1 [cm] 𝑤1 [m] 𝑡2 [cm] 𝑤2 [m]

C25/30 137 19 2.6 26 3.2
C40/50 147 18 2.6 15 3.2
C50/60 152 18 2.6 9.0 3.2

These extreme external restraints correspond to a situation where the
panel is either completely free to move or that movements are fully
prevented (typically due to surrounding structures).

When full external restraint is assumed, the steel stress due to the ex-
ternal restraint, 𝜎s,res, can be estimated using the following deformation
ondition, [36],
𝜎s,res𝐴s + 𝐹cs
𝐸c,eff𝐴I,eff

𝑙res + 𝑛cr𝑤m,c(𝜎s,res) − 𝜖cs𝑙res = 0, (20)

where 𝑙res is the length between the external restraints, 𝑛cr is the num-
er of cracks between the external restraints and 𝑤m,c is the crack width
hen having cyclic or sustained loading and taking long-term effects

nto account. Based on a stress–slip relation for long-term response,
f. [37], a conservative estimation of 𝑤m,c is given by, [36],

m,c = 0.52
( 𝜙𝜎2s,res
0.22𝑓cm𝐸s

)

+
4𝜎s,res𝜙

𝐸s
. (21)

he steel stress contribution due to the external restraint is calculated
sing an iterative approach. By initially setting 𝑛cr = 1, 𝜎s,res is
valuated using Eqs. (20)–(21). The total steel stress when assuming
ull external restraint, 𝜎s,tot, can then be calculated as

s,tot = 𝜎s + 𝜎s,res. (22)

rom the total steel stress, the external restraint force, 𝐹res, is calculated
s

res =
𝜎s,tot𝐴s𝑤

𝑠
. (23)

If the external restraint force is larger than the cracking load, 𝑁cr =
ctm𝐴I,eff, a new crack will form and the calculation using Eqs. (20)–
21) is repeated with 𝑛cr = 2. This iterative process of successively
ncreasing the number of cracks is continued until the external restraint
orce is lower than the cracking load, which implies that no new cracks
ill form. For more information about the external restraint force
odel, see Refs. [36,37].

. Results

In this chapter, the results from the developed models are shown.
n Section 5.1, the results from the optimisation based on the European
tandard 16432-2 [2] is presented. The obtained optimised dimensions
re then applied in the dynamic vehicle–track interaction model, see
ection 5.2, and the model of reinforced concrete, see Section 5.3.

.1. European standard

Based on the optimisation problem described in Section 2.2, a
esign was developed that minimises the amount of CO2 emissions
rom the concrete in the construction of slab track. The optimisation
roblem was solved in Matlab using the non-linear programming solver
mincon. The results from the optimisation are shown in Table 5. From a
ensitivity analysis, it has been verified that similar optimised dimen-
ions are obtained for rail pad stiffnesses spanning from 25 kN/mm
7

o 40 kN/mm. From the optimisation, it can be seen that the widths
f both the panel and roadbed have converged to the specified lower
ounds. Further, as expected, it is seen that the thicknesses of the
oncrete layers tend to be smaller for the high-performing concrete
in particular the thickness of the roadbed). However, the low-quality
oncrete (C25/30) produces the lowest amount of CO2 emissions since
ess cement is required per cubic metre compared to the other types
f concrete. The variation in emission between the different concrete
ypes is, however, not very significant.

In order to pass the standard, there is a trade-off between having
thinner panel or a thinner roadbed. For a specific type of concrete,

he optimised dimensions are dependent on how the influences of the
wo cross-sections are weighted in the objective function, see Eq. (1).
n this study, the weighting was obtained based on the amount of
ement per unit volume for each layer. In Fig. 6, the results from a
arametric study are shown where the upper-right area corresponds
o thickness combinations of the concrete layers that would pass the
tandard, while the lower-left area represents combinations that would
ot pass. In addition, the calculated optimised design is indicated.
n the parametric study, the lower bound for each width, which the
ptimisation problem converged to, has been used. From Fig. 6, it is
een that the lines have discontinuous derivatives at certain thicknesses.
hese discontinuous derivatives occur since the limiting safety factor
or the design is changed at these thicknesses.

In this paper, the focus is on the design of a slab track considering
he dynamic effects induced by a passing passenger vehicle and most
f the simulations were therefore conducted using an axle load of
7 tonnes, see Fig. 6(a). However, it is also important to consider the
ffects of occasional traffic with higher axle loads, e.g. a maintenance
ehicle. For comparison, Fig. 6(b) illustrates the trade-off between
anel and roadbed thicknesses when accounting for a higher axle load.
n both Fig. 6(a) and (b), it can be seen that the trade-off is smaller
hen the quality of the concrete in the panel is increased. Finally, since

here is much more cement per unit volume in the panel compared to
he roadbed, the optimal solution has converged to a situation where
he panel thickness is close to the minimum value that would pass the
tandard.

To further investigate the effect of a different axle load, additional
arametric studies were conducted where the optimised dimensions
ere evaluated for axle loads spanning from 15 to 30 tonnes. The

esults for all considered concrete types in the panel are shown in
ig. 7. It is seen that the thickness of the concrete panel is close to
eing constant, while there is a significant variation in the thickness of
he roadbed. As discussed earlier, this result occurs since there is more
ement in the panel which implies that the solution strives towards a
anel thickness that is close to the minimal value required in the stan-
ard. Hence, similar panel thicknesses were found for all considered
oncrete qualities, and the optimum way to design for increased axle
oads is to increase the thickness of the roadbed. Furthermore, it can be
een that although the thicknesses are increased when using C25/30 for
he panels, this type of concrete still results in the lowest CO2 emissions
ince less cement is used per unit volume.

.2. Dynamic vehicle–track interaction model

The dynamic performance of the optimised slab track designs from
ection 5.1 has been assessed using simulations with either uncracked
r cracked sections of the concrete panel. Furthermore, the influence
f the panel thickness on the maximum principal stress in the panel
as been analysed. To limit the number of investigations, only the
25/30 concrete type is considered in this section since this type of
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Fig. 6. Combinations of panel and roadbed thicknesses that would pass or fail the European standard 16432-2 [2] for each type of concrete when using axle load (a) 17 tonnes
nd (b) 25 tonnes. The markers in the figure indicate the optimised dimensions.
Fig. 7. (a) Optimal thicknesses of the concrete parts as a function of axle load. Note that it is only in the panel where the type of concrete has been changed. For the roadbed,
the same concrete type was used in all simulations. The thicknesses 𝑡1 and 𝑡2 are defined in Fig. 2. (b) Resulting CO2 emissions per metre built track.
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oncrete resulted in the lowest CO2 emissions in the optimisation, see
ection 5.1.

When considering the dynamic vehicle–track interaction, the level
f irregularities in vertical track geometry (longitudinal level) will
ffect the track response significantly. One particularly severe type
f track irregularity is rail corrugation, which has been studied in
etail by e.g. Correa et al. [38]. Track irregularities can, according
o the European standard 13848-6 [39], be divided into different
rack classes depending on the standard deviation of the irregularity
ranging from A to E). In this paper, realisations (samples) of track
rregularities, as a function of longitudinal track position, were calcu-
ated based on a Power Spectral Density (PSD) function according to
laus and Schiehlen [40]. For each realisation, different (uncorrelated)
rack irregularities were considered for the two rails, which induced

non-symmetric excitation. The irregularities were generated by a
ummation of sine functions with amplitudes according to the PSD
nd random phase angles for wavelengths in the interval 1–25 m.
he samples were then scaled such that the standard deviation of the
8

rregularities in longitudinal level corresponded to the limit value for w
ach track class described in Ref. [39]. At vehicle speed 250 km/h, the
tudied wavelength interval corresponds to dynamic excitations in the
requency range 3–69 Hz. The fundamental resonance of the coupled
ehicle–track system, which may significantly influence the dynamic
esponse of the track [17], can generally be found within this frequency
ange.

In Fig. 8, the calculated maximum wheel–rail contact force, nor-
alised with the static wheel load, is shown for the different track

lasses. For each track class, five realisations were generated from the
SD and in Fig. 8, the mean values are shown. The simulations were
onducted for three different panel conditions: (i) uncracked panel
ection (ii) cracked panel section without long-term effects and (iii)
racked panel section including long-term effects. The influence of a
racked section was modelled by reducing the bending stiffness based
n the results from the reinforced concrete model (RCM), see Sections 4
nd 5.3. When considering a cracked section and no long-term effects,
he elastic modulus of the concrete was not changed, whereas the panel
hickness was reduced in Abaqus such that the same bending stiffness

as obtained as in the RCM. When long-term effects were accounted
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Fig. 8. Ratio between the maximum dynamic wheel–rail contact force and the static
load for different track classes, vehicle speeds and concrete panel conditions. The
abbreviations ‘st’ and ‘lt’ stand for short-term and long-term. Optimised dimensions
from Section 5.1 and concrete class C25/30. The horizontal line indicates the dynamic
amplification factor used in the European standard 16432-2 [2].

Table 6
Normalised standard deviation of maximum wheel–rail contact force at vehicle speed
250 km/h.

Uncracked Cracked short term Cracked long term

Track class A 0.027 0.026 0.028
Track class B 0.035 0.034 0.036
Track class C 0.050 0.049 0.051
Track class D 0.062 0.059 0.062
Track class E 0.069 0.067 0.069

for, the elastic modulus of the concrete was reduced in Abaqus to the
effective value predicted by the RCM, while the panel thickness was set
to a value such that the bending stiffness was the same for both models.

From Fig. 8, it can be seen that the influence of a cracked panel
section on the maximum wheel–rail contact force is small. However,
changing the vehicle speed or track class would change the maximum
value of the wheel–rail contact force significantly. It is observed that
the dynamic amplification factor 1.5 prescribed in the European stan-
dard 16432-2 [2] is conservative as long as the track quality can be
maintained to qualify for track class A or B.

The standard deviation of the calculated maximum wheel–rail con-
tact force between the different realisations, normalised with the mean
value, are shown in Tables 6 and 7. From the tables, it can be seen
that there is a trend towards a larger spread in maximum wheel–rail
contact force when considering more severe track irregularities. As
for the mean values, it is seen that similar standard deviations were
obtained for both cracked and uncracked sections. Further, it is noticed
that the standard deviations were slightly higher for the lower speed.
The reason for this is that one realisation of track irregularity when
running at 250 km/h resulted in a slightly higher maximum wheel–rail
contact force compared to when the other realisations were considered.
This effect was not as significant for the higher speed. Since only the
magnitude of the irregularity was changed between the different track
classes, the same trend is seen for all classes. Finally, it should be
noticed that even though there are some differences in the standard de-
viations when considering different track classes and speeds, it should
be emphasised that the spread between the realisations is small.

It is expected that the requirements on the quality and maintenance
level of track would vary depending on what type of traffic is consid-
ered. For example, when considering a slab track built for high-speed
applications, it is not realistic to allow track class E. For such a high-
performance track, strict requirements would be used. In the following
simulations, track class C was used and considered as a worst-case
9

Table 7
Normalised standard deviation of maximum wheel–rail contact force at vehicle speed
300 km/h.

Uncracked Cracked short term Cracked long term

Track class A 0.020 0.016 0.021
Track class B 0.028 0.022 0.028
Track class C 0.037 0.030 0.040
Track class D 0.045 0.038 0.048
Track class E 0.050 0.041 0.054

Fig. 9. Distribution of maximum bending moment that causes stress in the longitudinal
direction in the concrete panel (maximum value 8.54 kNm). Vehicle speed 250 km/h,
uncracked section, track class C, concrete class C25/30 and optimised dimensions from
Section 5.1.

scenario. In addition, a vehicle speed of 250 km/h has been studied
exclusively.

The maximum bending moment for a certain concrete type and
state was calculated using the dynamic vehicle–track interaction model.
Based on the time history of the wheel–rail contact forces, a post-
processing simulation has been conducted in Abaqus. From this sim-
ulation, the time history of the spatially varying bending moment
was calculated. For one realisation of track irregularities, Figs. 9 and
10 show the distributions of maximum (evaluated over the complete
simulated time history) bending moment in the longitudinal and lateral
directions for an uncracked section. From the figures, it is observed
that the bending moment is higher below the rail seats. Furthermore,
it can be seen that the maximum bending moment occurs in the
lateral direction. Note that the magnitude of the bending moment is
different at the different rail seats since different track irregularity
profiles generated using the PSD were used for the two rails inducing
irregularities in both longitudinal level and twist.

The maximum principal stress in the concrete panel is another
important response to consider in the optimisation of slab track. In
Fig. 11, again for one realisation of track irregularities, the maximum
principal stress is shown as a function of spatial position. Similar
to the distribution of bending moment, it can be seen that stress
concentrations occur at each rail seat. To determine if the panel will
crack or not, the maximum principal stress can be compared with the
mean flexural tensile strength. According to Eurocode 2 [22], the mean
flexural tensile strength can be determined as

𝑓ctm,fl = max
(

(1.6 − 𝑡1)𝑓ctm, 𝑓ctm

)

, (24)

where 𝑡1 is given in metres. When implementing the optimised slab
track design for C25/30 from Section 5.1, the mean flexural tensile
strength becomes 𝑓ctm,fl = 3.67 MPa, which is significantly higher than
the maximum principal stress of 1.63 MPa calculated with the dynamic
model, cf. Fig. 11. This implies that the stress levels in the panel, due
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Fig. 10. Distribution of maximum bending moment that causes stress in the lateral
direction in the concrete panel (maximum value 9.72 kNm). Vehicle speed 250 km/h,
uncracked section, track class C, concrete class C25/30 and optimised dimensions from
Section 5.1.

Fig. 11. Distribution of maximum principal stress in the concrete panel (maximum
value 1.63 MPa). Vehicle speed 250 km/h, uncracked section, track class C, concrete
class C25/30 and optimised dimensions from Section 5.1.

Table 8
Normalised standard deviation.

Maximum bending moment
lateral direction

Maximum bending moment
longitudinal direction

Maximum
principal stress

0.072 0.059 0.071

to the load from the vehicle, will not cause cracking and there may be
a potential to reduce the thickness.

The results presented in Figs. 9–11 were obtained from one sample
of track irregularities. In order to investigate the spread in maximum
bending moment and maximum principal stress between different re-
alisations of track irregularities, these properties were calculated for
five different realisations (similar to the maximum wheel–rail contact
force). In Table 8, the normalised standard deviation is shown for each
response. From the table, it is observed that the spread between the
different realisations is similar to the spread in maximum wheel–rail
contact force.

For a given sample of track irregularity, the maximum principal
stress as a function of panel thickness is shown in Fig. 12. The variation
of maximum principal stress is shown for three different bed moduli,
10
Fig. 12. Maximum principal stress in the concrete panel as a function of panel
thickness for three different soil stiffnesses (bed moduli). Vehicle speed 250 km/h,
uncracked section, track class C, concrete class C25/30 and optimised roadbed thickness
from Section 5.1. The straight line indicates the mean flexural tensile strength, which
is also influenced by panel thickness.

and it can be seen that the influence of the soil stiffness is small.
To understand why, recall that it can be shown that the maximum
bending moment and maximum stress are proportional to 𝑘−1∕4f when
considering a beam on an elastic foundation model [41]. However,
in agreement with previous studies, cf. Ref. [42], it was found that
the magnitudes of the vertical wheel–rail contact forces were generally
higher for a higher foundation stiffness. Thus, the combined influence
from these effects was that the impact of soil stiffness value on the
maximum principal stress in the concrete panel was limited.

To determine the minimum thickness of the concrete panel without
risk for cracking due to the dynamic load from the vehicle, also the
mean flexural tensile strength is shown in Fig. 12. By comparing the
maximum principal stress with the mean flexural tensile strength, it
can be seen that the panel would crack if the thickness was smaller
than or equal to 10 cm. This thickness is significantly smaller than the
optimised thickness of 19 cm calculated with the European standard
16432-2 [2], cf. Table 5. When evaluating these results from the
dynamic model, it should be emphasised that the stress levels would
increase if other irregularities were added besides the irregularities in
longitudinal level. As an example, wheel tread irregularities inducing
an excitation at higher frequencies than considered here (out-of-round
wheels, wheel flats, etc.) and irregularities in soil stiffness (along and
across the roadbed, differential settlement, washouts, etc.) may in-
crease the wheel–rail contact forces and the maximum principal stress.
In addition, when soil stiffness irregularities are present, the static stress
contribution from the dead weight of the panel may not be negligible.
Furthermore, since the influence of external restraint forces is neglected
in the dynamic model, additional calculations are required if it cannot
be proven that the level of external restraint is small. Accounting for
external restraint in the dynamic model and irregularities in the soil
and vehicle are, however, outside of the scope of this paper.

5.3. Model of reinforced concrete

By applying the model of reinforced concrete, the bending stiffness
of a cracked panel section has been determined and crack widths have
been estimated. All three types of concrete defined in Section 2.2 have
been analysed. In Table 9, the resulting bending stiffnesses per metre
are shown when a concrete cover thickness of 𝑐 = 20 mm is used. As
expected, the bending stiffness is higher in State I (uncracked) com-
pared to State II (cracked). The bending stiffness is reduced even further
when taking long-term effects into account. The optimised dimensions
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Fig. 13. Maximum steel stress as a function of the thickness of the concrete cover for (a) State I short-term and no restraint, (b) State II short-term and no restraint, (c) State II
ong-term and no restraint and (d) State II long-term and full restraint. Vehicle speed 250 km/h and track irregularity class C.
able 9
ending stiffness per metre for cracked and uncracked sections when using the
ptimised solutions presented in Table 5.

𝐸𝐼I [MNm] 𝐸𝐼II,st [MNm] 𝐸𝐼II,lt [MNm]

C25/30 20.8 7.0 (33.9%) 5.7 (27.4%)
C40/50 19.9 6.3 (31.8%) 5.3 (26.6%)
C50/60 21.4 6.6 (30.7%) 5.6 (26.1%)

according to the results in Section 5.1 were used giving different
panel thicknesses for the different concrete types. When comparing the
results between different concrete types, it was found that the moment
of inertia was decreased with increasing concrete quality due to the
smaller thicknesses and smaller effective modular ratios. Thus, since
the elastic modulus is increased with increasing concrete quality, the
bending stiffness becomes rather similar for all types of concrete.

Similarities and differences between concrete types and states have
been assessed by calculating the steel stresses. To this end, the bending
moment was determined by using the dynamic vehicle–track inter-
action model, see Sections 3 and 5.2. As described in Section 5.2,
when the bending moment of a cracked section was calculated, the
11
thickness and elastic modulus of the concrete panel in the dynamic
model were calibrated such that the same bending stiffness was used
for both models.

In Fig. 13, the calculated maximum value of the steel stress is
shown as a function of the thickness of the concrete cover. The main
purpose of the concrete cover is to reduce the risk of corrosion of
the reinforcement, and its thickness may vary between different ap-
plications and designs. When the stresses were calculated, the track
irregularity class C was applied (see Section 5.2 for more information).
As expected, the maximum steel stresses are lower in State I compared
to State II and the highest steel stress occurs when both long-term
effects and full external restraint are considered. The magnitude of the
maximum steel stress is, however, always lower than the yield stress
(𝑓ys = 500 MPa). By comparing the stress levels with either no or full
external restraint, it is seen that the influence of the external restraint is
very significant. In practice, the stress levels of a cracked section will be
somewhere between the solutions assuming no or full external restraint.
In addition, it is noted that the difference in the maximum steel stress
between the different concrete types is small. From additional simula-
tions conducted using the dynamic vehicle–track interaction model (not

presented here), it has been verified that the influence of the thickness
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Fig. 14. Crack width as a function of the thickness of the concrete cover considering (a) short-term response and no restraint, (b) long-term response and no restraint and (c)
long-term response and full restraint. Vehicle speed 250 km/h and track irregularity class C.
Fig. 15. Steel stress as a function of steel ratio for different reinforcement spacings assuming (a) no restraint and (b) full restraint. The horizontal lines indicate the limit value
when the equivalent stress is equal to the reduced fatigue limit.
of the concrete cover on the magnitude of the bending moment is small.
Therefore, the bending moment calculated for 𝑐 = 20 mm was used
when the stresses were evaluated. Exploiting the fact that the same
bending moment can be used for a range of different concrete covers
drastically reduced the computational cost.

Interestingly, it can be seen that the steel stress is decreased with
increasing thickness of the concrete cover in State I, but increased
with increasing concrete cover in State II. To understand why, recall
that two properties that affect the magnitude of the steel stress are
the moment of inertia and the distance from the neutral axis to the
reinforcement bars in tension. When the thickness of the concrete cover
is increased for a given section thickness, both the moment of inertia
and the distance from the neutral axis to the reinforcement bar are
decreased. However, in State I, the ratio between the moment of inertia
and the distance is increasing with increasing thickness of the concrete
cover. On the other hand, in State II, the same ratio is decreasing with
increasing thickness of the concrete cover. This difference between the
states occurs since the relative change in the moment of inertia as a
function of concrete cover is greater when the section is cracked.

Also the crack widths were estimated using the theory outlined in
Section 4. In Fig. 14, the crack width as a function of the thickness of
the concrete cover is shown for (a) short-term response and no external
restraint, (b) long-term response and no external restraint and (c) long-
term response and full external restraint. From the figure, it is seen that
12

the crack width is increasing with increasing thickness of the concrete
cover. The crack width can be compared with the crack width limit.
According to the European standard 16432-2 [2], Eurocode 2 [22]
shall be used to determine the crack width limit for prefabricated slabs,
which results in a crack width limit of 0.3 mm for the panel. From the
figure, it is seen that the crack width is below the crack width limit for
all considered thicknesses of concrete cover.

Since both the steel stress and crack width are below the yield
limit and crack width limit, there is a possibility to reduce the amount
of steel reinforcement and by that reduce the environmental impact
from slab track even further. The amount of steel reinforcement can be
reduced by either using fewer bars and/or thinner bars. In Fig. 15, the
calculated steel stress when using the concrete class C25/30 is shown
as a function of steel ratio for three different reinforcement spacings.
The steel ratio is defined as the cross-sectional area of the reinforcement
divided by the total cross-sectional area of the slab. The calculation was
performed when taking long-term effects into account and assuming (a)
no external restraint and (b) full external restraint. The stress levels are
compared with a limit value where the equivalent stress is equal to the
reduced fatigue limit. The equivalent stress was calculated assuming
a pulsating loading and a Smith–Watson–Topper mid-stress correction,
whereas the reduced fatigue limit was determined assuming that the
nominal fatigue limit is half of the ultimate tensile strength and that the
total reduction factor is 0.85. From Fig. 15, it is observed that the stress
levels are significantly lower when assuming no external restraint. This

implies that the amount of steel reinforcement in the slab track design
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Fig. 16. Crack width as a function of steel ratio for different reinforcement spacings assuming (a) no restraint and (b) full restraint. The horizontal lines indicate the crack width
imit.
Fig. 17. Amount of steel and corresponding CO2 emission from one concrete panel just fulfilling the requirement related to steel stress or crack width when assuming (a) no
estraint and (b) full restraint. The horizontal lines indicate the amount of steel and CO2 emission level when 𝑠 = 140 mm and 𝜙 = 20 mm.
p
1

an be reduced substantially if it can be proven that the design has
o (or little) external restraint. In Fig. 16, predicted crack widths are
ompared to the limit value 0.3 mm given in Ref. [28]. Similar to
ig. 15, it can be seen that the external restraint has a significant effect.

In Fig. 17, the minimum amount of steel in one concrete panel is
hown as a function of the diameter of the reinforcement bars. The min-
misation was conducted by calculating the maximum reinforcement
pacing that can be used while still fulfilling the requirements, i.e. the
quivalent stress is below the reduced fatigue limit, and the maximum
rack width is below the crack width limit. Note that when using the
inimum amount of steel, also the reinforcement spacing is varying
ith the bar diameter. When the amount of steel was calculated, a

teel density of 𝜌s = 7800 kg/m3 was used and the same dimensions
ere assumed for the reinforcement bars in the lateral and longitudinal
irections and in the upper and lower reinforcement layers. Further,
lso the CO2 emission from the steel within one panel is presented in
he figure. The CO2 emission related to the steel was calculated using
he scaling factor 𝛼s = 0.548 [43].

The minimised amount of steel in the optimised reinforcement con-
igurations has been compared with the amount of steel when using the
13
arameter values in the calculation example in the European standard
6432-2 [2]: 𝑠 = 140 mm and 𝜙 = 20 mm. From Fig. 17, it is seen that

the steel stress is limiting in most configurations and that much less
steel is required when assuming no external restraint.

6. Conclusions

The static calculation method presented in the European standard
16432-2 [2] has been implemented and used to optimise a slab track
design. The objective of the optimisation was to minimise the en-
vironmental impact from the concrete parts while still fulfilling the
requirements of the standard. In the optimisation, thicknesses and
widths of the rectangular concrete panel and roadbed, and three dif-
ferent qualities of concrete were considered. From the optimisation,
a trade-off between the thicknesses of the concrete parts could be
seen, where a thinner panel was prioritised since more cement per unit
volume is used here as compared to the roadbed.

The optimised dimensions were used as input to a 3D model of
dynamic vehicle–track interaction. From the dynamic simulations, it
was concluded that the level of vertical track irregularities and vehicle
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speed had a significant effect on the maximum wheel–rail contact
force, while the corresponding influence of cracks in the concrete panel
was negligible. When the maximum principal stress in the concrete
panel was calculated, it was concluded that the panel thickness can be
reduced even further without the risk of crack initiation if the degree of
external restraint is low. Reducing the thickness of the concrete panel
can lower the environmental impact from slab track significantly. For
the given traffic scenario studied in this paper, a thickness reduction
from 19 cm (optimised thickness based on the requirements in the
calculation method in the EN standard for C25/30) to 10 cm (thickness
that resulted in crack initiation due to the dynamic vehicle load, see
Fig. 12) would reduce the CO2 emission from the concrete parts by
5%.

The maximum bending moment, obtained from the dynamic model,
as used as input to a model of reinforced concrete to calculate the

tress in the reinforcement and resulting crack widths for different re-
nforcement configurations. The model of reinforced concrete was also
sed to calculate the bending stiffness of a cracked concrete section,
hich was used as an updated input parameter for the dynamic model.
rom the reinforced concrete model, it was concluded that the external
estraint degree has a significant effect on the steel stresses and crack
idths. In particular, it was noted that the amount of reinforcement

an be reduced significantly compared to the dimensions presented in
he calculation example in the European standard 16432-2 [2] if it can
e proven that the degree of external restraint is low.

In a calculation of the distributions of maximum principal stress
nd maximum bending moment, it was found that the responses were
ignificant only below the rail seats. This opens up for future work,
here the environmental impact of slab tracks can be reduced even

urther by a geometry optimisation that excludes much of the concrete
etween the rails, e.g. by adopting a ladder-like structure. Other exam-
les of possible future extensions include studies of the effect of varying
tiffness in the panel, i.e. cracked in some parts and uncracked in other
arts, and estimations of external restraint degrees in slab tracks and
easures to reduce these external restraints. Finally, it should be noted

hat the bed moduli used in this paper have been taken as uniform and
onstant in the longitudinal and lateral directions.
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